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Gravitational wave holography 

D. Bar 

Abstract 

We represent and discuss a theory of gravitational holography in which all the in- 
volved waves; subject, reference and illuminator are gravitational waves (GW). Although 
these waves are so weak that no terrestrial experimental set-ups, even the large LIGO, 
VIRGO, GEO and TAMA facilities, were able up to now to directly detect them they 
are, nevertheless, known under certain conditions (such as very small wavelengths) to 
be almost indistinguishable (see P. 962 in Ref. [18]) from their analogue electromag- 
netic waves (EMW). We, therefore theoretically, show, using the known methods of 
optical holography and taking into account the very peculiar nature of GW, that it is 
also possible to reconstruct subject gravitational waves. 
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1 INTRODUCTION 

The theory of electromagnetic (optical light, X-rays, 7-rays) and matter (electrons, atoms) 
holography is well established (see, for example, [H El El [H El El Ej). Theoretical and ex- 
perimental set-ups have become possible not only for the holographic reconstruction of large 
macroscopic objects in the optical domain [U El [8] but also for the microscopic resolution 
and imaging of minute objects such as molecules and atoms. What makes this imaging 
possible is the advancement of the early holography [U El [8] first to the X-ray [3] and 7-ray 
[4] domains and then to the generation and application of holograms by using matter waves 
such as electron emission from atoms [El El El El [lOl CLE]. 
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In this work we wish to further, theoretically, expand and enlarge the diversity of waves 
used to record and reconstruct an initial subject. We use in this context gravitational waves 
which are so unique and different compared to electromagnetic and matter waves. First their 
interaction with matter is so weak that no direct [12] experimental set-up, even the giant 
LIGO [33], VIRGO [H], GEO [33] and TAMA p6] facilities have succeeded up to now to 
directly detect them (see, for example a null result report [TZ] of a mutual search of LIGO 
and GEO for GW from the pulsar J1939+2134). Second, these waves, which are "ripples of 
curvature" [IB], influence the space-time through which they proceed by further curving it so 
as to increase or decrease the interval between the geodesies travelled by test particles [18j. 
Thus, holography which is thought to result from the diffraction and changes of the form of 
the passing waves by solid spatial objects may be discussed also from the point of view as 
if these diffraction and form changes result from passing through a region of spacetime in 
which the curvature is stronger than other regions (see Figure 2). 

The former discussion leads to the realization that one may diffracts and changes the 
form of an EMW passing through some finite region of space-time by two equivalent ways; 
(1) by some solid object placed in this region and (2) by a strong curvature (stronger than 
its values in neighbouring regions) imprinted in this region by GW. Moreover, one may, 
theoretically, obtain very similar diffractions for these two cases if he can adjust the external 
form of the spatial object to be such that an EMW which encounters it will be changed in 
the same manner as if it have passed through the region of strong curvature. Note that the 
principle of finite region with stronger curvature than other regions stands at the basis of all 
the different efforts made for detecting GW from the early mechanical bars of Weber [19] to 
the later mentioned interferometric detectors [18J. 

Thus, one may discuss holography, as done here, by considering regions of stronger cur- 
vature (compared to neighbouring regions) without having to place in these regions any solid 
spatial object. We note in this context that already in the early holography [2] the presence 
of a realistic solid objects were thought in certain cases to be unnecessary for recording real 
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holograms such as, for example, in the computer-generated holograms [2l [20]. 

We must note that we neither try here to find the most general and complete theory of 
possible GW holography nor to discuss the fundamental aspects of the gravitational field 
as, for example, done in the works of Finkelstein et al (see, for example [21]). We use the 
remarked property emphasized in [18] that the GW, under certain conditions, is indistin- 
guishable from the EMW to also discuss, at least theoretically, a possible GW holography. 
For this it is sufficient to discuss plane GW's in the simplified transverse-traceless (TT) 
gauge pEE] where these waves are purely spatial [T8] . 

Thus, following the conventional holography [2], which necessitates a second reference 
wave which do not touch the solid object, we assume here another GW, denoted R, which 
do not pass through the region passed by the former GW (called S for subject) and serves 
as a reference to S. The two waves S and R are supposed to meet and interfere in a second 
space-time region which serves as a hologram just as the subject and reference waves in 
optical holography meet and interfere in the hologram. 

Also, as in optical hologram [2] one may assume that the gravitational hologram is formed 
by the exposure (interference [22] of S and R) and the duration of it. But in contrast to 
the holograms recorded by EMW which are solid spatial objects made by altering, through 
exposure, the transmission or absorption properties of the recorded materials [2] (and in- 
clude the plane and volume photosensitive and photographic emulsion holograms [2J) here 
the hologram can not be a similar solid object which records the interference of S and R. 
This is because, as mentioned, the effect of any GW is to increase space-time curvature pEE] 
and this is, naturally, imprinted and recorded in the space-time itself (and not in any solid 
3-dimensional object in it) so that a wave (EMW) passing through this region is difracted. 
Thus, the related hologram is, actually, a finite space-time region which records the interfer- 
ence between the GW's S and R so that if, as in the usual holography, the reference wave 
R is later sent again through this region, as illuminator, one reconstructs the space-time 
changes made by the subject wave S in its original region. We, theoretically, show that this 
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is, actually, the case. 

We note in this context that, in contrast to optical holography which records and recon- 
structs a 3-dimensional solid object where the temporal evolution is generally everaged and 
neglected [2j the case for the later microscopic holography is different. This is so, especially, 
for matter waves such as electrons which must be discussed in quantum terms [23] for which 
time evolution is very important [24]. It has been shown, for example, in [11] that the discus- 
sion of holograms made by matter waves has effects similar to those resulting from volume 
holograms [21 E] except for replacing the spatial third dimension with the time variable. This 
emphasis of the time evolution is, especially, valid for the holography discussed here where, 
as described, the passing GW acts directly on the space-time medium itself and not on any 
spatial object in it. We, therefore, emphasize these temporal changes and assume that the 
spatial components of the finite space-time region in which the waves S and R meet and 
interfere is very small (the small thin area A in Figure 1). 

In Section II we use the linearized weak field theory and introduce the relevant subject 
and reference GW together with their appropriate polarization components. In Section III we 
calculate the relevant intensities and the exposure. In Section IV we represent the hologram 
transmittance over the small area A and calculate the required reconstructed wave which 
will be found to be proportional to the original subject wave S. We conclude and summarize 
the obtained results in a Concluding Remarks Section. Also, since GW are, as mentioned, 
indistinguishable, under certain conditions, from EMW we use some known optical coherence 
expressions [25] which are introduced in a separate Appendix. 

2 The subject and reference GW and their polarizations 

Figure 1 shows a schematic representation of the arrangement used in this discussion. In this 
set-up array we assume an initial GW which have been detected at the point C maybe by one 
or some collaboration of the mentioned interferometric detectors. This wave may be assumed 
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to be divided, through a future technology, into two components which propagate to the two 
different regions denoted in Figure 1 as S and R. From these two regions the relevant GW's, 
denoted also as S and R, propagate to the small region A where they meet and interfere. 
As mentioned, we use the linearized weak field approximation [T8l [26] of general relativity 
which although refers to the surrounding space-time as if it were flat (as in special relativity) 
it, nevertheless, discuss experiments and their evolutions in a curved space-time formalism. 
In this theory the metric tensor components are given by [18] 

9^ = V l j V +h IJU/ + 0([h lu ,] 2 ), (1) 

where r/^ is the Lorentz metric of special relativity |T8], [26] and is a small perturbation. 
This h^ u is identified with GW [TBI [27] which is itself a propagating perturbation of space- 
time [T8], E7]. As known [18], one of the simplest gauges to which one may subject the 
tensor h^ u is the transverse-traceless gauge (TT) in which h^ u has the smallest number of 
components [18], [27]. This is because in this gauge [TBI [27] h^ v is purely spatial so h 0fM = 
and it is also transverse to the direction of its propagation so hijj = 0. Its tracelessness 
introduces the additional condition of hjj = 0. Thus, the gravitational wave is traditionally 
signified [T8j as hjj which is the tensor h^ u in the TT gauge. We take into account that hjj 
is, as mentioned, purely spatial so we follow the traditional holographic notation and denote 
the relevant subject and reference waves by S(x, y, z, t) and R(x, y, z, t) respectively. 

We assume that S(x,y,z,t) and R(x,y,z,t) are plane waves propagating along the re- 
spective vectors n s and n r and denote the two orthogonal directions which are perpendicular 
to n s by e si and e S2 and those perpendicular to n r by e ri and e r2 . Thus, following the nota- 
tion in [IE] (where the discussion there refers to propagation along the z axis (see Chapter 
35 there)) we denote the two unit linear polarization tensors of S(x,y,z,t) as e +s , e Xs and 
those of R(x, y, z, t) as 6_|_ r , e Xr and write 

e +s = e Sl ® e Sl e S2 ® e S2 , = e Sl ® e S2 + e S2 ® e Sl (2) 
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where ® is the tensor product. Note that each GW have, like its EMW analogue, two 
polarizations. Thus, if, for example, the propagating GW advances vertically through an 
interferometric detector then one polarization, actually, describes the known tidal forces pEE] 
which oscillate along the directions [27] of east- west and north-south. The other polarization 
describes those tidal forces which oscillate along the directions [27] of northeast-southwest 
and northwest-southeast. In the following we assume the subject and reference waves to 
be polychromatic so their sources emit light at several frequencies. We denote by r the 
position vector of a point in space and signify the respective direction cosines of n s , n r by 
cos(a s ), cos(/3 s ), cos(7 s ) and cos^,.), cos(/5 r ), cos(7 r ). Thus, taking into account that k = ^ 
and defining the spatial frequencies £ s = cos ^ ; rj s = cos ^ 7 £ s = coa W ; (= r = cos M ^ 
rj r = cos (^) ; ^ r = gggfe) one ma y wr j^ e? f or example, the subject and reference GW as 

S(x,y,z,t) = ^U + e +s + A x e Xs )e ikr ^(c ^ t + c 1 e^ + ^ t + 
+c 2 e i2w(/+£2)t + ■■•)]= ^[(A +a e +a + A Xs e Xs ) exp[ik(x cos(a s ) + (3) 
+ycos(&) + ^cos( 7s )]e l2 ^E^e 12 ^] = 3?[(A +s e +s + A Xs e x J • 
■ exp[z27r(^x + 77.3, + C^)K 2 ^ • g(t)] 

y, z, (t + r)) = RU +r e +r + A Xr e x Je* fcr ^(c e l2 ^+^ + Cl e l2 ^ f+ ^ t+ ^ + 
+C2e i2 7 r(/+e 2 )(t+r) + ...)] = 3?[(A +r e +r + A Xr e Xr ) exp[ifc(a; cos(a r ) + y cos(/3 r ) + (4) 
+zcos( 7 ,)] • Yl c i^ €i{t+T) ] = ^[(^+, e +, + ^x r e Xr ) ■ exp[i27r(f r s + 

i 

+ Vr y + Crz)] ■ ^ (t + T) ■ g(t + r)] 

where 3? denotes the real part of the following complex expression. The amplitudes A +sl A Xs 
and A +r , A Xr refer respectively to the modes of polarizations e +s , e Xs and e +r , e Xr . In the 
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following, for ease of notation, we denote so = A +s e +s + A Xg e Xs and r = A +r e +r + A Xr e Xs . 
The parameter r in Eq (jlj) is defined by cr, where c is the velocity of the GW which is equal 
to the velocity of light, so that cr is the path difference between the paths of S and R as they 
propagate from their places at S and R (see Figure 1) to the small area A. At the last results 
of Eqs ©-([1) we have used the definitions g(t) = £ f Cje *** and g(t + r) = £j Ci e i27r ^*+ T ) 
where we assume that since S and R have common source (represented by the point C in 
Figure 1) the quantities e$ and the coefficients q are the same in g(f) and g(£ + r). 

The subject wave S from Eq (jHJ) may be decomposed into a component, denoted S=, 
which is polarized parallel to the polarization direction of the reference wave R and another 
components, denoted S+, which is perpendicular to this direction. Thus, denoting the angle 
between the polarization directions of S and R from Eqs ©-(HI) by W (which is the same 
as that between the propagating rays S and R (see Figure 1 and the text after Eqs (JSJ) - (EJ) ) 
one may write S= and S + as 

S = = 3?[s • exp[i(27r&z + 2^ s y + 2vrC^)]e^ / * • g(t) • cos(W)] (5) 

S+ = ^[s ■ exp[z(27r£ s x + 2n Vs y + 2n( s z)}e i27Tft ■ g(t) • sm(W)} (6) 

In Figure 1 we show not only the propagating GW's of S and R but also the two compo- 
nents, for each GW, which are parallel and perpendicular to the plane of the figure. These 
components serve as polarization vectors. Note, however, that the angle between the po- 
larization components of S and R which are parallel to the plane of Figure 1 is W (which 
equals the angle between the propagating S and R (see Figure 1)) whereas the angle between 
the polarization components perpendicular to this plane is zero. Thus, refering to the later 
components one may realize from Eqs (jSJ)-© that the component S+ is zero whereas S= is 
maximum. In other words, the desirable components of polarization are those perpendicular 
to Figure 1 as written explicitly in this figure. Note that this criterion applies also for optical 
holography [2\. We continue to use in the text the angle W since we are, especially, interested 
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A schematic arrangement of the holographic array 



parallel to plane (undesirable) 




Figure 1: The subject and reference waves are shown as rays originating at their common 
source at C from there they advance first to their respective points S and R and then to 
the small area A. It is also shown, for each wave, the two perpendicular components which 
are parallel and perpendicular to the plane of the figure and which denote the directions of 
polarization. The undesirable and desirable components of these polarizations (see text) are 
also shown. 
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in the intensities of the GW and for this, as realized from the following section, one may 
obtain the same result regardless if he uses the perpendicular or the parallel components of 
polarization. 

The effect of the polarizing tensors of either the gravitational plane wave S or R upon 
the space-time medium is best understood from Figure 2 which, actually, shows the left 
half of Figure 35.2 in [18]. This figure shows how a closed circular (elliptic) array of test 
particles are changed, due to the resulting increased curvature, to elliptic (circular) array. 
These changes, as seen from the figure, are periodic and their exact form depend upon the 
values of the phase (shown in degrees at the right hand side the figure) and upon the unit 
linear polarization tensor. 



3 The intensities and exposure of the GW 

The separate intensities of the waves R(x, y, (t + r)), S= and S+, denoted In(t + r), Is=(t) 
and Is+{t), at the small area A are found from Eqs (j4j), ©-((6)) as follows 

I R (t + r) =<R(x, y, (t + t))R*(x, y, (t + r)) >= r 2 < g(t + r)g*(t + r) > (7) 

l s= {t) =<S = (t)Sl(t)>= si <g(t)g*(t)>cos 2 (W) (8) 

l s+ (t) =<S + (t)S* = (t)>= s 2 <g(t)g*(t)>sm 2 (W) (9) 

The overal intensity at the area A of the waves R(x, y, (t + r)), S=, and S+ is the sum of the 
separate intensities from Eqs Q-Q plus the interference formed by these waves. But we 
must note that no interference is formed from S + and the polarization vector of R(x, y, (t+r)) 
because, as mentioned, they are perpendicular to each other. Thus, for interference we should 
take only the interaction of S= and the polarization direction of R(x,y, (t + r)) which are 
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The passing GW causes periodic changes of the array of test points from circular to elliptic form 
e + e y Phase 




2n*180 degrees 



(2n+1/2)*180 degrees 



(2n+1)*180 degrees 



(2n+3/2)*180 degrees 



Figure 2: The figure shows the effect of a GW passing through a region in which some test 
particles are shown arrayed in a closed form. The presence of the GW causes the space-time 
in this region to be more curved than usually when it is absent and this in turn changes 
the closed form of the array of test particles from a circular (elliptic) to an elliptic (circular) 
form. This behaviour, for the gravitational plane wave discussed here, is repeated in a 
periodic fashion and depends upon the values assumed by the phase as shown at the right 
(in degrees) and upon the corresponding nature of the polarization tensor e x or e+. 
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parallel to each other. In other words, the required total intensity at the small area A is 

Itotai = I R (t + t) + I s= (t) + I s+ (t) + 23f?[< R(x, y, {t + t))S* = >] = 
= r 2 <g(* + r)g*(t + r) > +s 2 <g(t)g*(t) > cos 2 (W) + s 2 <g(t)g*(t) > • (10) 
• sin 2 (W) + 2^[r s cos{W) • exp[z27r((£ r - £ s )x + ( Vr - Vs )y + (£. - Qz)} ■ 
•e l2 ^<g(t + r)g*(t)>] 

From Eq (A7) in the Appendix one may realize [2] that since |/xr(r)| = \^t{ t )\ where 
/t T (r) = fi T {T)e- i2nfT = ^(^gS)^ lt is P° ssible t0 write At(t) = IM r )l -e*M where e^ T ) 
is a phase factor. Thus, using the last equation one may write the total intensity from Eq 
(H2) as [2] 

W = r 2 <g(t + r)g*(t + r) > +s 2 <g(t)g*(t) > +2K[r s cos(W) • (11) 
•exp[z27r((£ r - Qx + ( Vr - Vs )y + (C - C)^]e^ /T |Mr)| • e* c(r) • 
• <g(t)g*(t) >] = r 2 <g(t + r)g*(t + r) > +s 2 <g(t)g*(t) > + 
+2r s cos{W) ■ \/i T (T)\cos(P(x,y,z,T)) <g(t)g*(t)>, 

where (3(x,y,z,t) = 27r[(£ r - £ s )x + (77^ - ?7 s )y + (C- r - C«)z + fr] + CCO- The intensity 
from Eq (fTTT) is recorded on the hologram through exposure E which is assumed to be, in 
analogy with optical holograms, proportional [2] to the product of the intensity Itotai and the 
exposure time r e . That is, denoting the proportionality constant by C one may write, using 
Eq (TTTT) . the exposure as 



E(x,y,z,t) = CrJtotai = Cr e [s 2 <g(*)g*(t) > +r 2 <g(t + r)g*(t + r) > (12) 
+2r s cos{W)\n T {r)\ < g(t)g*(t) > cos{/3{x, y, z, r))] = E + E 1 (x,y, z,t), 
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where 

E = Cr e {sl <g(*)g*(t) > +r 2 <g(t + r)g*(t + r) >) 
E x {x,y,z,t) = 2CT e s r cos(W) |/i T (r) | <g(t)g*(t) > cos(/3(x, y, z, r)) 



4 The hologram transmittance and the reconstructed GW 

Referring to the former equations one may realize that if the expression % satisfies % > 1 

r 2 

over the small area A then one also have -fi > ^ and consequently i?o > E\ over this area 
A of the hologram. In such case, analogously to optical holography [2], one may write the 
hologram transmittance over the area A as a Taylor series [2] 

t E = t B (3o) + #i^f k + 2 E "ld lEo + " ' (13) 

In optical holography this representation of the transmittance is general and includes the 
possibility of either amplitude or phase modulation by the hologram [2]. Now, (1): we 
assume that all the coefficients of second and higher order terms in Eq ( TT3l ) ^t\e , ^r§f \e , ••• 
are negligible and (2): that the factor cos(f3(x, y, z, r)) from Eq (fT2l is written as a sum 
of exponentials from which the term ±e~ t/3 ( x ' y ' z ' T ^ is chosen (as done in optical holography 
[2]) where (3 is given by the inline equation after Eq (1TT1 ). Thus, for reconstructing the 
subject wave S(x,y,z,t) from Eq j3]) one illuminates the hologram t E with the reference 
wave R(x,y,z, {t + r)) from Eq (J4|) so that the GW obtained from the exposure E\ (the 
constant E has no role in this reconstruction) at the small area A is 

W r (x, y, z, t) = R(x, y, z, (t + r))tE = r ■ exp[i(2n(^ r x + 2nT] r y + 2Tr( r z))} • 

.^f(t + r) g(t + T)Ei ^E lEo = Cr e r 2 s cos(W)\Mr)\ <g(*)g*(t)> ■ 

. e - m *,y,z,T)) . exp[l{2n ^ r x + 2n Vr y + 2^))] • e i2 ^^g(t + r)^f k = (14) 



CT e rls cos(W)\fx T (r)\ <g{t)g*{t) > exp[i27r(£ s x + r} s y + C s z)]e" 
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In order to continue in our analytical reconstruction of the subject wave S(x, y, z, t) we first 
show that g(t+r)- <g(£)g*(i) >= g(t)- <g(£+r)g*(i) >. This is done by taking into account 
that g(t) = Ya Cie i27T6lt , g(t + r) = Ya c;e i27rei(t+r) (see the discussion after Eq flU)) and 
<g(t)g*(t) >= lim T -oo ± I-TS(t)g*(t)dt, <g(t+r)g*(t) >= lim T -oo ^ /5 r g(t+r)g*(t)dt 
(see Eq (A5) in the Appendix). Thus, integrating the elementary exponentials and taking 
the corresponding limits T — > oo one obtains the following results 

<g(f)g*(f) >= E W 2 , <g(t + r)g*(t) >= E |q| V 27 ^ (15) 

i i 

From the last equations, the definitions of git), g(£ + r) and the discussion after Eq (jlj) 
about €i and q which are the same in g(£) and g(£ + r) one may realize that 

g(t + r). <g(t)g*(t) >= E N V 27rei( ' +r) • E M 2 = (16) 

j i 

= E N V 27 ^ ■ E e l2 ^M 2 = g(t)- < g(* + r)g*(t) >, 

i i 

which is what we set to prove. Using the last equation and Eq (A7) in the Appendix (from 
which we see, as mentioned after Eq ( TTUl ) . that the equality |/1t(^)| = |/^t(t)| leads to 
/V(r) = |// r (r)| ■ e li *( T ') one may write the reconstructed wave from Eq (TT4l) as 

W r {x,y,z,t) = CT e r 2 s cos{W)\fi T {T)\ <g(t + r)g*(t) > exp[z27r(£ s x + 

+ • e^e-^W • s(t)^§\ Eo = Cr e r 2 s cos(^)|/i T (r)| 2 • (17) 



cHe, 



• <g(i)g*(t) > e 42 ^* • exp[z27rfex + Vs y + C.z)] ■ g(*)^f k 

Now, taking into account our neglection (see the discussion after Eq (PTBl ) of the coefficients 
of the higher order terms in Eq (jT3j) 4J#|b , |b , ••• one may realize that if ^t\e = 
then ^§-\e = constant. Thus, using the last result, the definition of s as given after Eq 
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PJ), and the first of Eqs (TT5l) one may write the reconstructed wave from Eq (TTTjl as 

W r (x, y, 2, t) = constant ■ s ■ g(t)e l27rft exp[z27r(£ s x + n s y + £ s z)] = (18) 
= constant ■ (A + e +s + A Xs e Xs )g(t)e i2nft exp[i27r(&x + n s y + ( s z)] = 
= constant ■ S(x, y, z, t), 

where S(x,y,z,t) is the subject wave given by Eq ((31). Thus, as in optical holography, we 
see that the original subject wave has been reconstructed. 

5 Concluding Remarks 

We have discussed gravitational wave holography in which all the involved waves; subject, 
reference and illumnator are gravitational waves. The nature of these waves, compared 
to their electromagetic analogues, causes the resulting holography to be somewhat unique. 
First, the interaction of these waves with matter is so weak that no experimental set-up 
have, up to now, succeeded to directly [12] detect them. Second, these waves act upon the 
space-time structure itself by increasing its curvature so that any wave (for example, EMW) 
which passes in this region undergoes similar changes as those occuring when encountering 
a corresponding solid spatial object. That is, the same diffraction and form changes in 
some finite region may result from either a strong space-time curvature in it compared to 
other neighbouring regions or from a corresponding suitably designed solid object. Note 
that this is reminiscent of the famous Einstein "elevator" [26] in which a man closed inside 
this accelerating cabin can not be sure if this accelaration is due to a gravitational force all 
around or maybe he is in a region absent of any gravitation and that other force pulls the 
cabin with the known attraction of gravity. 

The strong curvature imprinted by the GW upon the space-time medium remains in this 
medium [18] even after the wave have completely passed away [18] especially if this GW is 
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strong enough or if it has passed this region a large number of times [T8] . 

In our discussion we have used the known methods of optical holography [H [2] and, 
especially, the realization [18] that, under certain conditions such as very small wavelength, 
one can not, theoretically, diffentiate between GW and EMW. We have, thus, shown that 
passing a reference GW (not in the same region passed by the subject wave) and letting 
these two waves meet and interfere in some other space-time region (hologram) then if 
this reference wave is again passed, as the corresponding EMW illuminator, through this 
hologram the result will be a reconstruction of the subject wave. 

Although this discussion is purely theoretical one may hope that a future advanced tech- 
nology will be developed which will enable the next generation of scientists to use and 
manipulate GW the same way we are able now to use EMW. 

A APPENDIX 

We use here the mentioned characteristic of the almost theoretical identity (valid under 
certain conditions such as very short wavelengths) between GW and EMW and assume, as 
we do in the main text, that we may use the known results [25] regarding the spatial and (or) 
temporal coherence between two waves. We, thus, introduce here some relevant expressions 
[21 [25] for the coherence between two complex electric waves Vi and v 2 which advance from 
points Pi and P2 at some screen to the point Q at another. This is similar to the set-up in 
Figure 1 in which the two GW's S and R propagate from the corresponding points S and R 
to the small area A. The time average of the interference term between Vi and v 2 is written 
as [25] 

<V!V* 2 + v*v 2 >= 23? <ViV^> (Al) 

It has been shown in [25] that the time average from Eq {Al) can be expressed in terms of 
the complex degree of coherence T 12 (r) which relates the correlation of Vi and v 2 at Pi and 
P 2 to the interference time average at Q. The parameter r denotes the time difference in 
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arrival from the points Pi, P2 to Q. Thus, denoting by v(i)p 1 , v(£)p 2 the complex fields at 
Pi, Pi and by 2 <v(i)p 1 v*(t)p 1 >, 2 < v(t)p 2 v*(t)p 2 > the corresponding light intensities one 
may define the complex coherence T(r) [25] as 

T 12 (r) = <v(t + r)p 1 v-(t)p 2 > = 

[<v(t) Pl V*(«) Pl ><v(t)p 2 V*(f) P2 >]5 

limp^oo ^ /5 T v(t + r) Pl v*(t)p 2 dt 

[(lim^oo ^ /5 r v(t)p 1 v*(t) Pl dt)(lim T ^ 00 ^ /5 T v(t)p 2 v*(t)p 2 dt)] 2 

The two Eqs (Al) — (A2) were related in [25] through 

23?[<v lV ;>] = 2(/i/ 2 )^[T 12 (r)] = 2(/ 1 / 2 )2|T 12 (r)| cos(/3 12 (r)), (A3) 

where p, J 2 are the intensities at Q from Pi, P 2 and |Ti 2 (r)|, /?i 2 (r) are the modulus and 
phase of Ti 2 (r). Note that Ti 2 (r) is a measure of both the temporal and spatial aspects of 
the coherence [21 EH]. For r = one may assume the points Pi, P 2 at screen A to be at the 
(x, y) plane where Pi is located at the origin of this plane. Thus, denoting Ti 2 (0) = fi s (x,y) 
one may write Eq (A2) for this case as 

u(x y) = /^v(0,0,t)v*(^,t)rft 

[Cv(0,fl,t)v1fl,0,t) ( lir oo v(^,tM^,^^ 

Note that now, in cotrast to Ti 2 (r) which denotes both temporal and spatial coherence, 
fi(x, y) s is the complex spatial coherence of the source in the (x, y) plane. Note also that if the 
waves Vp 1? vp 2 propagate along the same direction from a point source then v(t)p x = v(t)p 2 
and [i(x,y) s = 1 (see Eq [A4)). In such a case one may replace in Eq (A2) [2] T 12 (r) by 
Urij), equate v(t) Pl = v(t)p 2 = v(£), v(t + r)p 1 = v(t + r) and write for /xp(r) which is the 
complex temporal coherence 

hmp^oo w J_ T v(t)v*(t)dt 
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Substituting in the last equation v(£) = S{x,y, z,t), where S(x,y,z,t) is given by Eq ((3l) 
one obtains 

u (t) = e i2 * fT lim T->°°wf-Tg(t + T)g*(t)dt = c ^ fT <g(t + r)g*(t)> 
hm T ^i r5 T g(t)g*(^ ' <g(t)g*(t)> 

One may solve the last equation [2] for < ^(t)g^(/)> > anc ^ obtains 

<g(t + r)g*(£)> (fAo -i^fr r , u\ (A7\ 

= UT[T)e J = Ut(T) [All 

<g(£)g*(t)> ! PM ^ V ^ 

Eq {Ah) may be Fourier transformed into 

f , _ n o V(/)V*(/)-e^d/ , 



where V(/) is the temporal Fourier transform of v(r) [2, 28J. 



References 

[1] D. Gabor, Nature, 161, 777 (1948); Proc. Roy. Soc, A197, 454 (1949); Pro. Roy. Soc, 
B64, 449 (1951) 

[2] "Optical hollography", R. J. Collier, C. B. Burckhardt and L. H. Lin, Academic Press 
(1971) 

[3] M. Tegze and G. Faigel, Europhys. Lett, 16, 41 (1991); Nature (London), 380, 49 (1996) 
[4] P. Korecki, J. Korecki and T. Slezak, Phys. rev. Lett, 79, 3518 (1997) 
[5] J. J. Barton, Phys. rev. Lett, 61, 1356 (1988) 

[6] Z. L. Han, S. hardcastle, G. R. harp, H. Li, X. D. Wang, J. Zhang and B. P. Tonner, 
Surf. Sci, 258, 313 (1991); D. K. Sadlin, G. R. harp, B. L. Chen and B. P. Tonner, 



REFERENCES 



18 



Phys. rev. B, 44, 2480 (1991); G. S. Herman, S. Thevuthasan, T. T. Tran, Y. J. Kim 
and C. S. Fadley, Phys. rev. Lett, 68, 650 (1992) 

[7] G. R. Harp, D. K. Saldin and B. P. Tonner, Phys. rev. Lett, 65, 1012 (1990) 

[8] H. Kogelnik, Bell. Syst. Tech. J, 48, 2909 (1969) 

[9] A. Szoke, in "Short wavelength coherent radiation: generation and application", edited 
by D. T. Attwood and J. Boker, AIP Conf Proc, No: 147 (American Institute of Physics, 
New York (1986)) 

[10] J. C. H. Spence and C. Koch, Phys. rev. Lett, 86, 5510 (2001) 

[11] A. V. Soroko, Phys. rev. A, 62, 013604 (2000) 

[12] Gravitaional waves were proved to exist by Taylor and Hulse (which receive the Nobel 
price in 1993 for this discovery) through indirect astronomical observations using radio 
telescope that measure the spiraling rate of two neighbouring neutron stars. 

[13] B. Abbott et al, Phys. Rev D, 69, 122004 (2004) 

[14] F. Acernese et al, "Status of VIRGO", Class, Quantum Grav, 19, 1421 (2002) 

[15] K. Danzmann, "GEO-600 a 600-m laser interferometric gravitational wave antenna", In 
"First Edoardo Amaldi conference on gravitational wave experiments", E. Coccia, G. 
Pizella and F. Ronga, eds, World Scientific, Singapore (1995). 

[16] M. Ando and the TAMA collaboration, "Current status of TAMA", Class. Quantum 
Grav, 19, 1409 (2002) 

[17] B. Abbott et al, Phys. Rev D, 69, 082004 (2004) 

[18] "Gravitation", C. W. Misner, K. S. Thorne and J. A. Wheeler, Freeman, San Francisco 
(1973) 



REFERENCES 19 

[19] J. Weber, Phys. Rev, 117, 307 (1960); Phys. Rev. Lett, 22, 1320 (1969); Phys. Rev. 
Lett, 24, 276 (1970) 

[20] B. R. Brown and A. W. Lohmann, IBM. J. Res. Develop, 13, 160 (1969); L. B. Lesem, 
P. M. Hirsch and J. A. Jordan, Jr, IBM. J. Res. Develop, 13, 150 (1969) 

[21] J. Baugh, D. R. Finkelstein, M. Shiri-Garakani and S. Sailer, Quantum binary gravity, 



This paper may be seen at the URL: http://www.physics.gatech.edu/qr/papers.htm 



D. R. Finkelstein and J. B. Gibbs, Int. J. Theor. Phys, 32, 1801 (1993) 

[22] "Fundamentals of Optics", 4-th Edition, Francis. A. Jenkins and Harvey. E. White, 
McGraw-Hill (1976) 

[23] F. Ayman et a/, Optics Express, 9, 498 (2001) 

[24] L. I. Schiff, "Quantum Mechanics", 3-rd Edition, McGraw-Hill (1968) 

[25] "Principles of Optics", 3-rd edition, M. Born and E. Wolf, Pergamon Press, Oxford 
(1964) 

[26] "Introduction to the theory of relativity", P. G. Bergmann, Dover (1976). 

[27] K. S. Thorne, rev. Mod. Phys 52, 299 (1980); rev. Mod. Phys 52, 285 (1980) 

[28] "The Fourier transforms and its applications", R. Bracewell, McGraw-Hill, New- York 
(1965) 



